Abstract -Deepwater fish are characterized by long lifespans, late maturity and low productivity. This implies slow recovery from low biomass levels and it is, therefore, important to manage these stocks correctly to avoid overfishing. However, these stocks are generally data poor, which it makes difficult to apply quantitative assessment models on which to base their management. The management strategy evaluation (MSE) approach consists in evaluating the performance of management strategies by simulation before their implementation. In the evaluation, the main sources of uncertainty in a fishery system and its management process should be taken into account in order to find robust management strategies. Thus, the MSE approach is relevant to the management of data-poor stocks. We used the FLBEIA software, an FLR library coded in the R statistical language, to conduct a bio-economic impact assessment of fisheries management strategies. We evaluated the performance of several management strategies in three different deepwater case studies using the MSE approach: beaked redfish (Sebastes mentella) in the Norwegian Sea, blackspot seabream (Pagellus bogaraveo) in the Strait of Gibraltar, and French mixed deepwater fisheries in the North East Atlantic. In conclusion, we found that the S. mentella stock is very sensitive to the stock recruitment relationship chosen. For P. bogaraveo, simulations showed that the present constant catch management is as good as more sophisticated strategies. Finally, in mixed fisheries, case study fleet dynamics were key for the success of management strategies
Introduction
Management of deepwater stocks is very important within fisheries science communities to ensure the sustainable use of marine living resources exploited by deepwater fisheries, and thus prevent significant adverse impacts on deepsea vulnerable marine ecosystems (VMEs) and for the protection of marine biodiversity that these ecosystems contain (FAO 2009 ). There is no agreed worldwide definition that characterizes deepwater ecosystems. The United Nations Food and Agriculture Organization (FAO) defined "deepwater" as those sea areas with depths below 200 m and ICES (2005) uses the term "deepwater fisheries" for those fisheries that are active in depths below 400 m. The definition of "deepwater fish species" is problematic because some species living in deep-waters are also distributed along the continental shelves (Gordon 2003) . Furthermore, biological identification criteria are problematic because some of the stocks living in deep waters exhibit Supporting information is only available in electronic form at www.alr-journal.org a Corresponding author: dgarcia@azti.es life history characteristics comparable to those in shallower waters. Recently, for North East Atlantic, the DEEPFISH-MAN Consortium 1 defined deepwater species as those that have more than 50% of adult biomass located at depths below 200 m, or that spend more than 50% of their expected lifetime at depths below 200 m.
The fish species inhabiting deepwater sea areas show low natural mortality rates, extended longevity, slow growth rates, late maturity and spawning that may not occur every year (FAO 2009) . As a consequence of these characteristics, deepwater species show relatively low productive capacity, which makes them particularly vulnerable to overexploitation and means that the recovery of their populations from low levels of biomass could be very slow. Hence, it is particularly important to avoid overexploitation in these ecosystems.
Many of the assessment shortcomings for deepwater stocks are the same as for data-poor stocks. A common problem in the assessment of these stocks is the absence of information about life history parameters (growth, maturity and natural mortality) and population structure of the stocks (Bailey et al. 2009) In the NE Atlantic, data availability is generally poor and usually only time-series of the total landings are available (Villasante et al. 2012) . Reliable abundance indices are rarely available; meaning that even the simplest assessment models, like surplus production or tuned virtual population analysis (VPA) models, do not give credible stock abundance estimates. For most of the deepwater stocks in the NE Atlantic, biological reference points (BRP) and harvest control rules (HCR) have never been defined as part of the management. In this sense, International Council for Exploration of the Sea (ICES) (1998) and FAO recommended to use the limit and precautionary reference points suggested for data-poor situations (Caddy 1998) .
Internationally, the main tools for deepwater stock management are total allowable catches (TACs) and quotas. However, in regions such as the Mediterranean Sea, these stocks are managed using effort restrictions. Effort and TAC-based management are usually combined with other management tools, such as mesh size limitations, bycatch limits, closed areas/seasons or vessel/gear licensing (Large 2012 ).
In the NE Atlantic, EU TAC for 46 deepwater species listed in the Annex I and Annex II (EC 2002a) were established in January 2003 This regulation was complemented by the introduction of an EU Access Regime establishing specific access requirements (EC 2002b) . However, in the 22 species listed in Annex II, only P. bogaraveo is managed by TAC. Additionally, for some specific stock measures such as effort limitation, licensing, capacity limits, technical measures, and spatial and temporal closures are used; vulnerable marine ecosystems (VME ) and protected, endangered and threatened species (PET) encounter protocols have been implemented in recent years.
Management strategy evaluation (MSE) or operational management procedure (OMP) (De la Mare 1998; Punt and Donovan 2007; Rademeyer et al. 2007) consists in analysing the performance of management strategies by simulation before their implementation. In the analysis, the main sources of uncertainty in the knowledge of fishery systems, including the management process should be taken into account in order to find management strategies robust to these uncertainties. Thus, this approach is relevant to the management of data-poor stock characterized by a large uncertainty. In this study, we used FLBEIA (Bio-economic impact assessment using FLR, Jardim et al. 2013 ) to analyse management strategies for three deepwater case studies: Sebastes mentella (beaked redfish) in ICES Subareas I and II, Pagellus bogaraveo (blackspot seabream) in the Strait of Gibraltar and French mixed deepwater fisheries in the NE Atlantic. FLBEIA is a modelling toolbox that allows evaluation of the biological and economic performance of management strategies in a mixed fisheries context using an MSE approach. Its structure is similar to that of the BIOMAS model (Ives and Scandol 2013) , but FLBEIA is focused on the European way of assessing and managing stocks. A conceptual diagram of the model is shown in Figure 1 . It is divided into two components: the operating model (OM) and the management procedure model (MPM). The first describes the real system and is composed of the stock, fleets and OM covariates. MPM represents the management process and it is composed of the data collection, assessment procedure and management advice.
This study is part of the European Union (EU) project DEEPFISHMAN (2012), whose aim was to develop a shortand long-term monitoring and management framework for deepwater fisheries in the NE Atlantic. The case studies presented here were selected to test some of the management procedures proposed by the project. The case studies include different problems common to fishery systems in general and to deepwater systems in particular.
The Sebastes mentella fishery operates in national and international waters and each area has its own management. In international waters, a TAC is established by consensus by the North-East Atlantic Fisheries Commission (NEAFC), while in national waters, the fishery is mainly bycatch, which has its own specific regulations. Nevertheless, total catch in both these waters cannot exceed the level recommended by ICES based on the maximum sustainable yield (MSY) approach. Therefore, the divided management combined with the biological and behavioural uncertainties of the stock (Roques et al. 2002; Stransky 2005) makes it difficult to exploit the stock sustainably.
Pagellus bogaraveo in the Strait of Gibraltar is a data-poor stock harvested by a local artisanal fishery (Gil 2006) . Since 2003, a biannual TAC has been applied to P. bogaraveo, which has always been far below the landings reported. In the period 2003-2010, some technical measures were implemented by the Regional Government of Andalucía that included a more restrictive TAC (270 t) than in EU regulation. However, the suitability of this alternative TAC has never been evaluated.
The French mixed deepwater fisheries case study was done on several stocks. However, these stocks are each managed on a single stock basis, so their management may not be congruent. Nowadays, in the light of ecosystem based fisheries management (Pikitch et al. 2004; Curtin and Prellezo 2010) , there is a need to change from the single stock management approach to more holistic management. In this sense, managing fisheries in a mixed fisheries context represents a step in the right direction. Modelling mixed fisheries is challenging because there is a lack of established models to describe their dynamics. In the area of this case study, significant advances were recently made in describing fleet dynamics Vermard 2013) . In the present paper, we use the data used in these earlier studies to condition the simulation model.
Thus, these stocks could be being managed in a manner that is either too risky, meaning that stock sustainability could be compromised, or too conservative, meaning that fishers could be losing fishing opportunities. We evaluated the performance of three harvest control rules (HCRs):
• A constant total allowable catch (TAC) strategy.
• The HCR proposed by ICES in the MSY framework.
• The HCR proposed by European Commission in the framework of data-poor stocks. Different scenarios were run that differed in the stock and fleet dynamics used to describe the real system and in the strategies used to manage them. The objective of this paper was to test the performance of the HCRs in the context of three deepwater stock case studies:
• In the Sebastes mentella case study, the relationship between sustainability and different stock recruitment was tested.
• In the Pagellus bogaraveo case study, special attention was given to uncertainty parameterization. • In the French mixed deepwater case study, different fleet dynamics were considered.
Materials and methods

Management strategy evaluation
Simulation in a MSE approach is divided into two submodels: the operating model (OM), which simulates the real fishery system, and the MPM, which simulates the management process. The aim of this approach is to evaluate the robustness of the management strategies with regard to the uncertainties in the fishery system, including the management process. When a management strategy is tested using this approach, the management advice is not given based on the population simulated in the OM (the real population), but on the population estimated by the assessment model in the MPM (the perceived population). Thus, in addition to the strategy, its performance in combination with the data collection and the assessment model is also evaluated.
FLBEIA model
FLBEIA (Jardim et al. 2013 ) is a simulation model developed in R (R Development Core Team 2011) using FLR libraries (Kell et al. 2007) . The model follows the MSE approach; hence, it is divided into two large blocks, the OM and the MPM. A conceptual diagram of the model is shown in Figure 1 . In FLBEIA, the OM is formed by fish stocks, fleets and covariates, and the MPM is formed by the observation, assessment and management advice models. The stocks can be agestructured or aggregated in biomass and there are no trophic interactions. Fleet activity is divided into metiers 2 and their projection is divided into four parts: effort allocation, catch production, stock price dynamics and capital dynamics. Effort allocation determines how much effort is exerted and how this is allocated among metiers within a fleet; catch production describes the relationship between effort and catch. In this study three effort allocation models were used:
-Status quo: The effort and its allocation along metiers were set equal to the average of the last three data years (2006) (2007) (2008) . -Fcube-like approach (Fcube): Total effort is calculated based on the TAC advice of the stocks caught by the fleet and their allocation along metiers is given as input data. The effort associated to the TAC of each of the stocks caught by the fleet is calculated, and the effort of one of the stocks then is selected to forecast fleet's effort. In this case, effort allocation for metiers was set equal to the average of the last three historical years. This approach is based on the Fcube method presented in Ulrich et al. (2011) and Iriondo et al. (2012) . -Maximum conditional profit (MCP) calculates the total effort and the effort share along metiers that maximizes the profits, a common approach used to model fisher behaviour (van Putten et al. 2012) . In this study, the effort is constrained by the capacity of the fleet (measured in the same units as effort) and by the catch of a selected stock.
Maximum conditional profit runs annually in the last season. Despite the OM seasonal dimension, all the simulated data is generated annually. The observation model simulates two kinds of data: (i) data related to fleet production (landing and discard data), data related to biology of the stock (natural mortality, fecundity and individual weight) and stock status indicators (stock abundance and exploitation rate), (ii) abundance indices that it simulates using a linear or a power relationship between the abundance and the index. In reality, stock status indicators are not observable variables; however, in simulation studies, it is useful to observe them and apply the HCR directly to evaluate its performance alone. Assessment models are applied independently, stock by stock. They calculate estimates of stock abundance and/or exploitation rate and returns estimates of the real populations simulated in the operating model. In this study, extended survivor analysis (XSA, Shepherd 1999) was used in some of the simulation scenarios for P. bogaraveo and Molva dypterygia stocks. When XSA was not used within the MPM, it was assumed that the stock status, exploitation rate and abundance were known to be without errors. Otherwise the advice was given based on an abundance index generated by the observation model. Management advice is generated by means of the HCR. In this paper we analyse three HCRs: constant TAC, ICES MSY framework (ICES HCR) and Annex IV HCR: ICES HCR's objective of this model is to maintain fishing mortality at F msy (usually an MSY proxy) .This HCR (Fig. 2) can be found in the WKFRAME report (ICES 2012) . The corresponding fishing mortality is transformed into catch in order to obtain the TAC advice. ICES has not defined an F target when SSB > B lim . Below this point, it is supposed that the 368 D. Garcia et al.: Aquat. Living Resour. 26, 365-379 (2013) SSB ( risk of collapse is high, thus F target should be restrictive. Here, F target = 0 was chosen for this range of SSB.
When biological reference points were not available, a reasonable B lim was first selected and B trigger was defined as 1.4B lim , a common approach used in the ICES precautionary approach framework to define a precautionary approach biomass (B PA , Hauge et al. 2007 ). In age-structured populations, F 0.1 3 was used as an F msy proxy to avoid relying on the stock-recruitment relationship; in biomass dynamic ones, F msy itself was used. F 0.1 was proposed within the project (DEEP-FISHMAN, 2012) as an appropriate fishing mortality target to manage deepwater stocks.
Annex IV HCR uses an abundance index to give TAC advice. The most recent index points are compared with previous ones and TAC is changed depending on the difference (in percentage) with the previous year. This HCR was defined by the EC and was tested by simulation (ICES 2010) . Figure 3 shows a graphical representation of the rule. There are two different versions which depend on the advice given when the ratio between current index and reference index is in the range (1 − α, 1 + α). Here, α and β were set equal to the default values 0.20 and 0.15, respectively.
3 Fishing mortality rate where the slope of the yield per recruit rate curve is 10% of the maximum slope (Quinn and Deriso 1999).
Sebastes mentella
S. mentella was traditionally caught in a demersal fishery conducted by Russia and other East European countries but, since 2004, the only directed fisheries for S. mentella are by pelagic trawls in the Norwegian Sea. The fishery is managed by the North-East Atlantic Fisheries Commission, and a TAC of 7500 t was decided by consensus for 2012. However, there are other fisheries targeting other species (e.g. shrimp) that have an allowed maximum bycatch of S. mentella but which are not included in this study.
In the assessment, a statistical catch at age (1992-2011) model and Gadget and Schaefer biomass models were used (ICES 2012) . The data used in this case study were explained in detail by ICES (2012) . There was no data on discards, effort or economics.
Biological operating model
To initialize the model, a historical random population with 100 iterations was created from the joint probability distribution of the Bayesian statistical catch at age (SCAA) assessment model (Planque et al. 2011 ) used in the evaluation of the stock.
Historical data does not show any clear relationship between stock and recruitment for S. mentella (ICES 2012), therefore, two different methods were used to make a sensitivity analysis and compare the simulations:
• Segmented regression: the parameters were estimated by fitting the model with historical data of SSB and recruitment for each of the iterations.
• An autoregressive recruitment model, where the recruitment depends on the previous year with normally distributed uncertainty (ARR). At SSB values lower than α, recruitment estimates decrease with SSB:
where R: N(0, σ 2 ) and min R < R < max R . We set α = 20 000 t, as a value close to the historical minimum data of SSB. We estimated σ as the variability of the differences in recruitment between years. The maximum max R (622 964 t) and minimum min R (20 378 t) recruitment were calculated from the data.
Biological parameters such as maturity-, weight-and natural mortality-at-age were conditioned using the average of last three historical values.
Fleet operating model
In this study, data of fisheries with targets other than S. mentella were not available and demersal fisheries have almost disappeared; therefore, for simplicity, the two fisheries datasets were treated as one. So the analysis of this case study was reduced to a single fleet and single stock.
The catch production was simulated using a Cobb-Douglas production model (Cobb and Douglas 1928) . The parameters of the production function were obtained by fitting a linear model to the logarithms of historic abundance at age and historic effort. The parameters obtained were used to produce the catch in the projection.
Management procedure model
In the observation model it was assumed that the stock status (numbers and fishing mortality-at-age) was known without error. Thus, we did not consider any assessment. The management advice was generated using two different HCR, a constant TAC HCR (8000 t, the average of the last three years), and ICES HCR. In ICES HCR F target was set equal to F 0.1 = 0.065 (close to the natural mortality, 0.05) (ICES, 2012) . Annex (Table S1) summarizes the scenarios simulated in this case study.
Pagellus bogaraveo
P. bogaraveo of gulf of Cadiz is a deepwater stock exploited by an artisanal fleet. The fleet is made up of longliners that target P. bogaraveo on most of their trips and only catch P. bogaraveo in these trips. The vessels involved in the fishery form a homogeneous group in terms of technical characteristics. The extended survivors analysis (XSA) (Shepherd 1999 ) is routinely applied in the assessment working group; however, due to the uncertainty in the abundance index and low stability of the fit, the assessment is not approved and not used to inform management agencies. Since 2003, the stock has been managed with a constant TAC (270 t), although the fleet usually exceeds by more than twice. More information about the biology, assessment and management of the stock can be found in Gil (2006) . The data was obtained from the assessment working group (ICES 2012) and from Gil (2006) and the model was conditioned as single stock and single fleet.
Biological operating model
To initialize the model a historical random population with 500 iterations was created. Randomness was generated modelling two important sources of uncertainty:
• Abundance index used to tune the XSA. It was not possible to quantify its uncertainty in a reliable way; therefore, it was assumed that its variability followed a lognormal distribution with a coefficient of variation (CV) of 30%.
• Individual growth in length. A Bayesian Von Bertalanffy growth model was fit to age-length data and the joint probability distribution was used to build a set of random agelength keys (see Appendix A for a detailed description of the procedure). These keys were applied to length distributions of catch, weight and abundance indices to obtain random variables-at-age. XSA was applied to these random variables and abundance indices and thus historic random numbers-and fishing mortalityat-age were obtained. Stock dynamics in the simulation were described using an exponential survival model combined with a segmented regression stock-recruitment relationship. The parameters of the stock-recruitment relationship were obtained by fitting the model to each of the iterations to the historical population. Furthermore within the simulation a lognormal random error (μ = 0 and variance equal to the variance of the residuals in the model fit) was multiplied to the recruitment point estimates. Biological parameters such as maturity-, weight-and natural mortality-at-age were conditioned using the average of the last three historical values.
Fleet operating model
The catch production was simulated using a Cobb-Douglas production model (Cobb and Douglas 1928) . The parameters of the production function were obtained by fitting a linear model to the logarithms of historic abundance-at-age and historic effort. The parameters obtained were used to produce the catch in the projection. This fishery systematically overshoots the TAC; thus, in some scenarios, it was assumed that the fleet overshot it. The overshoot was parameterized stochastically using a triangular distribution (Evans 2000) where distribution parameters corresponded with observed values. Fleet effort corresponded to the effort that produced the TAC or the TAC plus the overshoot.
Management procedure model
Observation model
The observed data depended on the assessment model and the HCR used. A list of the options used in each of the 13 scenarios simulated is shown in Table S2 . To apply the Annex IV HCR, a linear biomass abundance index was simulated and, in some scenarios, a multiplicative error was introduced. ICES HCR was tested on top of real population and XSA estimates. In the first case stock indicators were taken from the real population and in the second case catch-and linear abundance index-at-age were simulated. The following observation errors were introduced into the scenarios:
-A multinomial random error related to aging error in "at age" data. It represented the probability of assigning age j to an individual with real age i. Parameterization was done using Von Bertalanffy growth parameters. The observation error was derived from natural variability in growth and not from bias in age reading or sampling. -When the TAC was exceeded, no declaration being made of TAC surplus. -A lognormal random error with 30% of CV and median equal one multiplied to the index.
Assessment model
In four of the scenarios, XSA was applied to observed data with different observation errors and ICES HCR was applied to the estimates obtained. In the rest of the scenarios where ICES HCR was used, stock abundance and fishing mortality were taken directly from the simulated real population in the OM.
Management advice
The management advice was generated using three different HCR: a constant TAC HCR, Annex IV HCR and ICES HCR. In ICES HCR, B lim was defined as B loss (=550 t) and the F target was set as equal to the median of F 0.1 in the historical random population (0.11).
French mixed deepwater fishery
The demersal mixed deepwater fishery in NE Atlantic is mainly made up of French deepwater trawlers. In this study, 370 D. Garcia et al.: Aquat. Living Resour. 26, 365-379 (2013) we considered the same case study as in and we used the same basic data to condition the model. We considered five stocks: Molva dypterygia (blue ling), Coryphaenoides rupestris (roundnose grenadier), Aphanopus carbo (black scabbardfish) and a mix of deepwater sharks; and seven fleets. Two of the fleets were defined as the French ones in . The other five fleets were 'artificial' single stock fleets, which account for the international catch not taken by the French fleets. A detailed description of the stocks and the fleets can be found in .
Biological operating model
M. dypterygia and P. virens were simulated as age structured populations and A. carbo, C. rupestris and the sharks as biomass dynamic populations.
Historic random populations were constructed, adjusting assessment models to historic data. For P. virens and M. dypterygia XSA was adjusted to catch-at-age matrices and random abundance indices. P. virens is already managed using XSA and the model configuration used in the assessment working group was used (ICES 2012). For M. dypterygia, the model configuration proposed in was used. In both cases, random historic abundance indices were constructed doing a parametric bootstrap of the catchability residuals of an initial XSA fit to the observed data. Biomass dynamic historic populations were obtained fitting a Schaefer production model to the observed data. For C. rupestris, the Bayesian model used to assess the stock was applied (ICES 2012) . A. carbo and sharks do not have any approved assessment, so the deterministic model described in was used.
In the projection, age-structured populations were carried forward using an exponential survival model together with a stock recruitment relationship. Biological parameters such as maturity-, weight-and natural mortality-at-age were conditioned using the average of last three historical values. For these two stocks, recruitment was simulated using a segmented regression model parameterized as in the case of P. bogaraveo. Biomass dynamic populations were projected using the Schaefer production model with the parameters estimated in the historical period. A. carbo and shark population growth parameters were the same for all the iterations. In the case of C. rupestris, each iteration had a different set of parameters sampled from the joint probability distribution obtained in the Bayesian fit.
Fleet operating model
The OM fleet was composed of seven fleets: the French fleets, FL01 and FL02, and the five "artificial" fleets, FLBLI, FLBSF, FLRNG, FLPOK and FLSKH. Activity of FL01 and FL02 was divided into 10 metiers. The metiers differed in stock catchability. Stock price and weight and fleet (FL01) variable costs were common to all the metiers. Economic data was only available for FL01. FL01 accounted for most of the French catch (∼80%) and FL02 for the rest.
The FL01 dynamic was simulated using the three effort allocation models described in previous sections, for the rest, only the first two were used because economic data was not available. In the Fcube model, the fleets that did not catch the stock that restrained the effort stopped fishing when the quota was exhausted (this only occurred for single stock fleets). For all the fleets, catch production was simulated using a CobbDouglas production model (Cobb and Douglas 1928) . The parameters of the production function were obtained by fitting a linear model to the logarithms of historic abundances and effort. For age-structured stocks, the parameters were fitted at age level and for the rest of the populations, at total biomass level. The parameters obtained were used to produce the catch in the projection.
Management procedure model
Observation model
The observation model for each of the stocks depended on the HCR and the assessment model used in each of the scenarios. For sharks, an observation model was not necessary because it was managed with a constant TAC rule. When Annex IV HCR was used for any of the stock, an abundance index was generated for the stock itself, with a median equal to one and 30% of the CV. In one of the scenarios, XSA was used for M. dypterygia to estimate stock abundance and fishing mortality. In this case, a catch-at-age matrix, without observation error, and a linear abundance index with a multiplicative lognormal error (median equal one and 30% of the CV) were created. The other stocks were observed without error, i.e., stock abundance and exploitation rate were taken directly and without error from the real population.
Assessment model
An assessment model within the management procedure model (MPM) was only used for M. dypterygia, for which XSA was used with the same configuration as that used in the historic fit.
Management advice
Different HCRs were used to produce the TAC advice for each of the stocks. Annex IV and ICES HCR were tested in M. dypterygia, A. carbo and C. rupestris stocks and constant TAC with different catch levels was tested for sharks. Total allowable landing (TAL) advice is 0 for sharks, i.e., landings are not allowed, but discards are not banned. TAC = 0 (no landings, no discards) was not tested because, under the current model configuration, shark catchability is greater than zero in all their metiers, so this would imply closing FL01 and FL02 fleets. P. virens was not of primary interest in this study and only the HCR used in its management plan was tested (ICES 2011).
Fishing mortality reference points the within ICES HCR were calculated using yield per recruit analysis, and biomass reference points were chosen based on historic evolution of the stocks. For P. virens, the reference points were taken from its management plan (ICES 2011 and we follow the same approach as for A. carbo (B lim = 33 575 t), F msy = 0.08. Thirteen scenarios were run that depended on fleet dynamics and management procedure. Table S3 gives a brief description of the options used in each scenario.
Results
Sebastes mentella
Projection of S. mentella under different stock recruitment relationships showed that the results were sensitive to the method chosen (Fig. 4) . Even if the differences in recruitment between the methods were constant with time, these differences were accumulated in the SSB estimates and became larger with time due to the long life history of S. mentella. Table S3 ) scenarios. Black lines correspond to current management and grey ones to Annex IV HCR scenarios. Solid lines represent scenarios where the TAC was implemented correctly and dashed ones scenarios with TAC overshooting. Dotted lines indicate that observation error was introduced into the abundance index.
Both stock recruitment methods suggested that the advice of the last three years average TAC, as well as the F msy advised by ICES, is sustainable. The probability of SSB < B lim , and the probability of SSB < B trigger were 0 for all the scenarios. The probability of fishing mortality > F msy was also 0 for all the scenarios.
Pagellus bogaraveo
The recruitment was the same for all the scenarios, meaning that SSB did not fall below the breakpoint in the segmented regression stock-recruitment relationship for any of the scenarios.
The SSB had a similar increasing trend in the two scenarios where TAC was constant, but the increase level was very different (Figs. 5 and 6 ). In the scenario with correct implementation of the advice, the SSB exceeded historical ones, while in the scenario with implementation error, it remained below those levels. The catch was 40% higher when the implementation error was included.
Current management and Annex IV HCR gave the same results when implementation error was introduced and there was Table S3 ) scenarios. Black lines correspond to current management and grey ones to Annex IV HCR (see Table S3 ) scenarios. Solid lines represent scenarios where the TAC was implemented correctly and dashed ones scenarios with TAC overshooting. Lines with filled points correspond to scenarios where XSA was used; the rest of the lines belong to scenarios where the perceived population was taken directly from the operating model (OM). The line with empty triangles corresponds to the scenario where aging error was introduced into the perceived population. Filled triangles correspond to the scenario with aging error and overshooting reported. The rest of filled points correspond to scenarios where, if overshooting occurred, it was not reported. Diamonds represent the scenario with undeclared overshooting and aging error.
no observation error (Fig. 5) . When Annex IV HCR was used, the increase in SSB was not sufficiently pronounced to cause an increase in the TAC, and hence the catch was unchanged in the whole projection. The scenarios where the implementation was considered correct gave similar results. With Annex IV HCR, the catch fluctuated around 270 t and finished the simulation slightly above. The indicators in the scenarios with implementation and observation error and Annex IV HCR were between the indicators in the other two groups. Two groups were clearly differentiated when ICES HCR was used (Fig. 6 ): one group consisted of the scenarios where XSA was used to obtain a perceived population, and the other group consisted of the scenarios where the perceived population was directly taken from the real population.
When the population was observed directly, the effect of implementation and aging errors were analysed in separate scenarios. In both cases, the results were parallel to the case where no observation error was included and the management was successful. When implementation error was included, the SSB was significantly lower. However, aging error did not make great differences to the results. XSA was used in four scenarios. The management failed in all the scenarios except when implementation error was observed. Although the population was healthy, the XSA estimated an overexploited population with very high fishing mortality and low SSB. Annually, a reduction in catch was recommended and, in the last years, the advice was zero catch and the SSB doubled the historical maximum. When implementation error was observed, the management was successful in most of the iterations. The median fishing mortality remained above the target for some years, but then started to decrease and ended the simulation slightly below the target. The median of the catch was slightly below 270 t in the whole projection. The SSB started increasing when fishing mortality decreased and was finally close to the scenario with constant TAC and correct implementation. However, the management failed in some iterations as happened in the rest of the scenarios where XSA was used.
The probability of SSB < B lim was lower than 5% in all the scenarios; furthermore, it was equal to 0 in most of the cases. The probability of SSB < B trigger was slightly above 5% for a few years, but only in the scenario where XSA was used together with aging and observed implementation error. In the rest of the scenarios and years, the probability was below 5% and in most of the cases it was equal to 0. The probability of fishing mortality > F msy = 100% at the start of the simulation. When implementation error was considered and XSA was not used, the probability of being above F msy was close to 100%; in the rest of the scenarios, this probability decreased with years and, at the end of the simulation, was lower than 20%.
French mixed deepwater fishery
Probability of SSB < B lim
The probability (p) of S S B < B lim is shown in Table 1 . This probability was always 0 for A. carbo, P. virens and the sharks. At the start of the simulation, p = 0 for M. dypterygia in all the scenarios where MCP was applied (mf2, mf6, mf7, mf8), independently of the restrictor and the level of the shark TAC. In the Fcube scenario, with M. dypterygia as restrictor, p increased slightly in the short term but decreased to 0 in the medium term. In the rest of the scenarios, p increased year by year. In the scenario where XSA was applied to M. dypterygia (mf3) and in the scenario with C. rupestris as restrictor using ICES HCR (mf11), the increase was moderate and p reached 23% and 8%, respectively, in the long term. However, p was close to 80% in the status quo scenario, the scenarios with Annex IV HCR applied to M. dypterygia and C. rupestris (mf4 and mf12) and the scenario with ICES HCR applied to A. carbo (mf9).
In the case of C. rupestris, in 2009, p = 50%. In the medium or long term, it only decreased below 5% in the scenarios where profits where maximized (mf2, mf6, mf7 and mf8) When Fcube was used with sharks as restrictors (mf5), in the scenario with A. carbo as restrictor combined with Annex IV HCR (mf10) and in the scenario with C. rupestris as restrictor combined with ICES HCR (mf11). In the status quo scenario (mf0), the probability remained slightly above 50% for the whole period. In the scenarios where Annex IV HCR was applied with M. dypterygia or C. rupestris as restrictors (mf4 and mf12) and in the scenario with A. carbo as restrictor combined with ICES HCR (mf9), the probability increased year by year and ended the simulation above 70% in the three scenarios. In the other scenarios (mf1 and mf3), the probability decreased moderately with time and reached 18% when XSA was not used in the MPM and 32% when it was.
Probability of fishing mortality > F target
The probability (p) of fishing mortality F > F target was always 0 for A. carbo, unlike for sharks in which it was close to 100% in almost all the scenarios (F target for sharks was 0), see Table 2 . For M. dypterygia in 2009, p = 100% in the status quo scenario (mf0), the scenarios restrained by M. dypterygia itself where profits were not maximized (mf1, mf3 and mf4) and the scenarios restrained by C. rupestris (mf11 and mf12). In scenarios mf0 and mf4 the probability did not decrease with time; in the rest, the decrease varied between 21% and 74%. In 2009, in all the scenarios where profits were maximized (mf2, mf6, mf7 and mf8) and in Fcube scenario with sharks as restrictor (mf5), the fishing mortality was above the target, with a 5% probability, and decreased to 0 for all of them in most of the projection periods.
For Pollachius virens, fishing mortality was always below the target in status quo scenario (mf0): in the scenario where profits were maximized and M. dypterygia was the restrictor (mf2) and in all the scenarios where sharks were used as restrictors (mf5, mf6, mf7 and mf8). In the two scenarios where C. rupestris was the restrictor (mf11 and mf12) the probability decreased from 53% to 3% when ICES HCR was used, but only to 44% when Annex IV was used. In contrast, when M. dypterygia was the restrictor and Annex IV was used (mf4) and when A. carbo was the restrictor and ICES HCR was used (mf9), it increased from 3% and 0 to 43% and 60%, respectively. In the other scenarios (mf1 and mf3) the probability was 6% or lower over the whole projection period.
Finally, in the case of C. rupestris, p was high, p > 82%, and quite stable in the whole period in the status quo scenario (mf0) and in the scenarios where Annex IV HCR was used with M. dypterygia and C. rupestris stocks as restrictors (mf4 and mf12). In contrast, p = 0 in all the scenarios where profits were maximized with sharks as restrictors (mf6, mf7 and mf8). When shark restriction was combined with Fcube (mf5), the probability decreased from 13% in 2009 to 0 in the rest of the projection period. The probability also showed a decreasing trend in the scenarios where profits were maximized being M. dypterygia the restrictor (mf2), when A. carbo was restraining the effort combined with Annex IV HCR (mf10) and when C. rupestris was the restrictor and it was managed using ICES HCR (mf11). However, the starting point and the decrease level in the three scenarios were different. In the scenario where XSA was used for M. dypterygia (mf3), the probability was low in the whole projection period with a peak in the medium term. Finally, in the scenario where ICES 374 D. Garcia et al.: Aquat. Living Resour. 26, 365-379 (2013) HCR was applied with A. carbo restriction (mf9), the probability increased from 9 to 98% in the short term and then remained stable for the whole period.
Annual average variation in catch
In the first year of projection, 2009, for almost all the stocks and scenarios, the adjustment in the catch was higher than 15% and in some cases higher than 50%. Only for M. dypterygia and A. carbo were there two scenarios where the adjustment was lower than 15% (mf1 and mf3 for M. dypterygia and mf10 and mf11 for A. carbo). For A. carbo and Pollachius virens stocks, the variation was always negative and for the rest it depended on the scenario. In the scenarios where sharks were the restrictors (mf5, mf6, mf7 and mf8) and in the scenario when profits were maximized with M. dypterygia as restrictor (mf2), the variation was also always negative. In the short term, 2010-2014, there were few cases Table 3 . Probability of negative profits (A) and annual average variation (B) in effort in 2009 and the average of these indicators in the periods 2010-2014, 2015-2019 and 2020-2025 .
Scenario
Description (A) Probability of negative profits (B) Average effort variability 2009 2010-2014 2015-2019 2020-2025 2009 2010-2014 2015-2019 2020-2025 mf0 Status where the catch varied more than 15% and only one where it varied more than 50% (sharks in the mf9 scenario). From 2015, the variation was lower than 15% for all the stocks and scenarios (Table S4 ).
Probability of negative profits and annual average variation in effort
Probability of negative profits and annual average variation in effort are shown in Table 3 . In 2009, the probability of negative profits was high >60%) in all the scenarios. Low probability of negative profits (<5%) was only obtained from 2015 onwards in the scenarios where profits were maximized (mf2, mf6, mf7 and mf8).
The probability of negative profits was 100% in the status quo scenario (mf0), in the scenarios where M. dypterygia was the restrictor stock and profits were not maximized (mf1, mf3 and mf4), in the scenario where A. carbo was the restrictor and ICES HCR was used (mf9) and in the scenario where C. rupestris was used as restrictor combined with Annex IV HCR (mf12). In the rest of the scenarios (mf5, mf10 and mf11) the probability decreased with time, but the decrease level varied with the scenario. In the scenarios with sharks and A. carbo as restrictors, the probability decreased up to 7 and 14%, respectively, but when C. rupestris was the restrictor, it only reached 56%.
As with catch the major adjustment in effort occurred in 2009 when the variation was higher than 50% in all the scenarios except the status quo scenario. Profits were maximized when sharks or A. carbo were the restrictors, and the adjustment was negative (mf2, mf5 to mf10 scenario) and positive in the rest (mf0, mf1, mf3, mf4, mf11 and mf12). When A. carbo was the restrictor and ICES HCR was used (mf9), the effort was multiplied by 10. In the rest of the scenarios, the variation was lower than 25%. Only three scenarios had negative variation in effort in the medium term: the scenarios with M. dypterygia, A. carbo and C. rupestris as restrictors combined with the Fcube dynamic and ICES HCR, Annex IV HCR and ICES HCR, respectively (mf1, mf10 and mf11). Finally, from 2015 there was minor variation in effort for all the stocks and scenarios.
Effort share
The effort share among the principal FL01 metiers is shown in Table 4 . These metiers accounted for the 96% of the total effort in the historical period. The effort share in the scenarios where Fcube was used and in the status quo scenario was the same and equal to the average of the last three years. Effort share varied in scenarios where profits were maximized. In the first projection year, the effort share was the same in all maximum conditional profit (MCP) scenarios and the variation in total effort was also the same (Table 4) ; thus, the effort dynamic in those scenarios was not restrained for M. dypterygia or for the sharks. In 2010, the second year of projection, slight differences arose between the scenarios restrained by M. dypterygia and those restrained by sharks. After the initial adjustment and until 2018, the effort share maintained quite stable with minor differences among scenarios. In this year, the effort share in NEW6 metier increased in the scenarios restrained by sharks and with the highest TAC especially. The effort share decreased in the DEM4 metier. After 2018, the effort share in NEW6 metier in the scenario restrained by M. dypterygia increased steadily up to a 28%. In the scenario with TAC S KH = 500 t after 2015, the effort share in DEM4 had a slight decreasing trend opposite to the increasing trend in NEW6. REF5 and NEW5 metiers, which had effort shares of 13% and 5%, respectively, in the historical period almost disappeared in the projection. Something similar happened in the EDGE6 and OTHER6 metiers where the effort share decreased from a 23% and 21%, respectively, in the historic period to a 3% in the last projection year.
Discussion
Sebastes mentella
S. mentella is an important commercial species classified as a threatened species in the Norwegian economic zone (ICES 2012). Since 2004, the recruitment of S. mentella has failed; nevertheless, data analysis from different cruises indicates an increase in recruitment in recent years (Planque et al. 2012) . When F msy = 0.065 is applied (following the ICES 2012 recommendation) in our model, results show similar projection patterns of SSB as when using a Bayesian statistical catch-at-age method; a decrease in SSB until 2015, then an increase. This could be due to the maturation of the successful 1991 recruitment. However, uncertainty about the recruitment estimations of the last years is due to a few observations (Planque et al. 2012) . Historical data of SSB with recruitment does not show any clear pattern in North East Atlantic S. mentella (ICES 2012) . In the North West Atlantic, large-scale physical forces might have more control over the stock than the biological ones (Koslow 1984) . Special caution should be taken in the interpretation of the projections of these methods due to the high uncertainty about the processes that govern S. mentella recruitment or survival.
Pagellus bogaraveo
Current management (TAC = 270 t) was sustainable for P. bogaraveo, even when implementation error was introduced into the simulation. When the advice was implemented correctly, the SSB reached historical levels; however, when implementation error was introduced, historical levels were not reached.
Annex IV HCR and current management gave similar results. Observation error in the index when advice implementation was perfect had little effect and, when there was implementation error, the effect was positive for the stock. This HCR depends on the existence of a reliable abundance index, but the index used here is no longer available because the onboard observer programme ended in 2009. In the future, vessel monitoring system (VMS) information could be used as an alternative.
ICES HCR, under perfect knowledge of the biological population, gave satisfactory results. Under perfect implementation, the results were similar to current management and with implementation error the results were somewhat better. In the long term, the HCR with correct implementation produced similar catches to the case with implementation error; however, in the short term, the catch under correct implementation was significantly lower. Thus, a sacrifice in the short term would produce a similar level of catch in the long term under a significantly better stock status. However, to apply ICES HCR, estimates of exploitation level and biomass are needed in an assessment model. In this case, XSA was tested and did not work properly. Thus, in the absence of a robust assessment model, this HCR is not suitable as a management tool for this stock.
Current management was demonstrated to be almost as good as the alternative management based on HCRs, which depend on stock indicators. However, if the implementation of this management is considered in the future it would be necessary to have an alternative system to monitor stock status to be able to predict the possible collapse of the stock
Mixed fisheries
The profit and effort ranking almost coincide with the ranking of best to worst biological scenarios: "the higher the effort, the lower the profits and the worse the biological status of the stocks". The performances of the management strategies were highly driven by fleet dynamics. Best results, both biological and economic, were obtained when FL01 profits where maximized. This effort model was tested using M. dypterygia and sharks as restraining stocks. In the short term, the effort decreased sharply and FL01 did not even reach the quota share of these stocks, meaning that the management and the restrictor used were somewhat irrelevant in those years. The status quo scenario was not sustainable for M. dypterygia and C. rupestris and was not profitable in economic terms. The risk of collapse when XSA was used in the MP of M. dypterygia was much higher than when it was assumed that the real population was known correctly. Annex IV HCR did not work for M. dypterygia and C. rupestris but it did for A. carbo. ICES HCR performed better than Annex IV HCR for M. dypterygia and C. rupestris.
If the fleets followed profit maximization behaviour both biological and economic performance would improve. However, fishers do not always follow profit maximization (Salas and Gaertner 2004) , and other factors not considered here could also contribute to fleet profit. In the present study, only five stocks were taken into account. The contribution, in value, of the stocks caught by FL01 and not considered here oscillates between 25 and 35% depending on the year. The inclusion of these stocks would change the economic performance of the fleet and optimum effort allocation would be different. A major part of the fishery was considered in an artificial way. Applying profit maximization to the whole fishery would have a great impact in both biological and economic results. A rigorous economic evaluation of the fishery should consider the inclusion of more stocks and the segmentation of the whole fishery.
The results obtained here differ from those obtained in . The modelling approaches differ mainly in the spatial dimension (not considered in the present study), the fleet dynamics and the reference points used. Whereas in , the results obtained using ICES MSY and Annex IV HCRs (referred as data-rich and data-poor HCRs respectively in ) are similar, in the present study there are significant differences. The fleet dynamics used in have a tradition and a profit maximization component. A tradition component can be compared with an Fcube scenario where effort distribution follows average historical distribution. In turn, maximum profit scenario can be compared with the profit component. However, the key difference in the effort dynamics is how the total effort is calculated annually. In , the total effort is given by the annual number of vessels obtained with the entry-exit model. Thus, the effort and hence the fishing mortality exerted by French fleet is not directly conditioned by the TAC obtained through the HCRs. French catches represent around 55% of the total catch so the HCR does not restrict more than half of the total fishing mortality. Total annual effort level obtained with Fcube and maximum profit approaches is restricted by the TAC advice; thus, our results cannot be directly compared to .
In summary, the performance of ICES HCR depended on the suitability of the assessment model fit. Annex IV HCR performed properly when the stock was healthy but failed when the stock was overfished, as observed in a previous generic evaluation of the rule (ICES 2010) . Deepwater stocks with reliable assessments are scarce and many are overfished (Punt 2005; Sissenwine 2007; Clark 2009 ); alternative HCR are therefore needed for these cases. Constant TAC management would be an option but, without quantitative data, it is difficult to set a catch level appropriate in both biological and economic terms. Furthermore, if such a strategy is applied, alternative information would be needed to predict possible stock collapse. This study highlights the need for an HCR applicable in datapoor situations.
The results obtained are constrained by the conditioning of the operating models. A complete evaluation of a management plan should include an exhaustive and rigorous analysis of the uncertainty in the fishery system in order to incorporate all the plausible realities of the system in the evaluation (Rademeyer et al. 2007 ). The study presented here lays the foundation for a full evaluation of management plans for the case studies considered.
In order to make a realistic evaluation of management strategies in a mixed fisheries context, it is crucial to advance in the understanding of fleet dynamics. Thus, further investigation is needed in this part of fisheries modelling. As shown here and previously pointed out by others, fleet behaviour can render stock management ineffective (Wilen et al. 2002; Salas and Gaertner 2004; Branch et al. 2006) : no matter how good a management strategy is, it will not work if the fishers do not comply with it.
Under management strategy evaluation, FLBEIA has proven to be a valid model to evaluate management strategies taking into account the biological and economic dimensions of the problem in a mixed fisheries context Furthermore, social and ecological variables could be included in the model if needed. Thus, it represents a step forward from single stock MSE to full ecosystem models. Table S1 . Scenarios run in the Sebastes mentella case study. Table S2 . Scenarios run in the Pagellus bogaraveo case study. Table S3 . Scenarios run in French mixed-fisheries case study. Table S4 . Annual average variation in catch in 2009 and in the three periods 2010-2014, 2015-2019 and 2020-2025. 
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